If the composites are reinforced by the shape memory alloy (SMA) ber that shrinks in the matrix, one can introduce an arti cial compressive residual stress along the direction of the shrinkage. In our previous study, an SMA ber/plaster smart composite, using Fe-Mn-Si-Cr alloy bers, was fabricated and it was found that the bending strength of the composite was improved by the compressive stress due to the shape recovery force of the SMA bers. However, the imperfect bonding at interface between SMA ber and plaster matrix decreased the bending strength of fabricated composite. In this study, Al matrix smart composites containing Fe-Mn-Si-Cr SMA bers are studied, since it is well known that Fe and its alloys react with Al. Straight Fe-28.2mass%Mn-6.03mass%Si-5.11mass%Cr SMA bers were arranged on the ber holder, they were immersed into a mold with molten Al. During this step, ferrous SMA reacted with Al at ber/matrix interface, results in the good bonding strength at interface. After solidi cation, ferrous SMA ber/Al matrix composite could be obtained. This composite was subjected to the rolling deformation to induce the martensitic transformation from γ austenite to ε martensite in SMA bers. Then the composite was heated to induce the reverse transformation from ε martensite to γ austenite. The ferrous SMA bers in the composite shrank during this reverse transformation, which could induce tensile stress in bers and compressive stress in the matrix. This compressive stress in the matrix is a key factor that enhances the mechanical properties of such smart composite. Mechanical properties of fabricated smart composites were also studied.
Introduction
Owing to the mismatch of the thermal expansion coefcient (CTE) between the matrix and ller, residual stresses are induced in a metal matrix composite (MMC), when the composite is cooled down to room temperature (RT) from the fabrication or annealing temperature [1] [2] [3] [4] . It is strongly in uenced by the temperature difference (ΔT) between the fabrication temperature and RT, and volume fraction of llers 3) . The combined effects of thermal residual stresses and ber spatial distribution on the deformation of an Al alloy containing unidirectional boron bers have been analyzed using detailed nite element models 5) . If the composites are reinforced by the shape memory alloy (SMA) ber that shrinks in the matrix, one can introduce an arti cial compressive residual stress along the direction of the shrinkage 3, 4, 6) , and such composite is called as smart composite. Many studies have been carried out, but most of them are TiNi SMA ber/resin matrix system 7, 8) or TiNi SMA ber/ Al matrix system. As former examples, studies on TiNi SMA ber reinforced epoxy matrix composite have been reported 9, 10) . As latter studies, many methods are proposed to fabricate the Al matrix smart composite with the TiNi SMA bers, including vacuum sintering method 11) , hot isostatic pressing (HIP) method 4) , vacuum hot press of TiNi SMA bers with sheet shaped Al matrix 12, 13) . On the other hand, fabrication of Ti matrix and Mg matrix smart composites are also reported. Ti-Pd-Ni-W SMA ber/Ti matrix smart composite was produced by sheath-rolling 14) , and TiNi SMA ber/Mg alloy matrix smart composite was produced by pulsed current hot pressing 15) . However, almost all studies are carried out using expensive TiNi SMA.
Meanwhile, Fe-Mn-Si alloys are inexpensive SMA with the temperature hysteresis as large as 500 K, governed by the fcc (γ) ↔ hcp (ε) transformation 16, 17) . In our previous study 18) , an SMA ber/plaster smart composite, using Fe-27.2mass%Mn-5.7mass%Si-5mass%Cr alloy, and reported that the bending strength of the composite was improved by the compressive stress due to the shape recovery force of the SMA bers. Although the bonding strength at the SMA ber/ matrix interface is an important factor, which controls the overall mechanical performance of smart composite structures, the imperfect bonding at interface between SMA ber and plaster matrix decreases the bending strength of fabricated composite. To overcome this shortcoming, wavy-shaped ber [19] [20] [21] , coil-shaped ber 22) dumbbell-like shaped bar 23) were used. Twisted NiTi SMA wires/epoxy matrix composites were also developed by Lau et al. 24) to improve the bonding properties.
Alternatively in this study, reaction between ferrous SMA ber and matrix will be used by using Al matrix to increase the bonding properties, since it is well known that solid Fe reacts with molten Al, and this reaction forms intermetallic compound layer 25) . It is expected that the higher bonding strength at the interface could be achieved by the reaction between Al matrix and Fe-Mn-Si-Cr SMA ber. Figure 1 shows the design concept of ferrous SMA ber/ Al matrix smart composite. Al matrix composite containing ferrous SMA bers is, rst, fabricated by casting route, as shown in Figs. 1 (a) to (c). Straight ferrous SMA bers are arranged on the ber holder, as shown in Fig. 1 (a) . The molten Al is poured into the mold with the ferrous SMA bers, as shown in Fig. 1 (b) . During this step, ferrous SMA reacts with Al at ber/matrix interface, result in the good bonding strength at interface. After solidi cation, ferrous SMA ber/ Al matrix composite can be obtained, as shown in Fig. 1 (c) . Immersion of the ber holder into a mold with the molten Al is alternative method to obtain such composite. Next stage is shape memory treatment to fabricate a smart composite, as shown in Figs. 1 (d) to (f). This composite is subjected to the rolling deformation to induce the martensitic transformation from γ austenite to ε martensite in SMA bers, as shown in Fig. 1 (d) . Then the composite is heated to induce the reverse transformation from ε martensite to γ austenite, as shown in Fig. 1 (e) . The ferrous SMA bers in the composite shrink during this reverse transformation, which induces tensile stress in bers and compressive stress in the matrix, as shown in Fig. 1 (f) . This compressive stress in the matrix is a key factor that enhances the mechanical properties of a smart composite. The internal stress analysis is the critical step for precise evaluation of the smart composite.
Experimental Procedure
In this study, Fe-28.2mass%Mn-6.03mass%Si-5.11mass%Cr SMA bers of 1 mm diameter were used. In order to study the shape memory effect of the used Fe-Mn-SiCr SMA ber, the relationship between shape recovery versus annealing temperature curves were obtained. Tensile tests were carried out on a screw-driven test machine. The Fe-MnSi-Cr SMA bers with 80 mm in length and 50 mm in gage length are subjected to tensile strains of 5.1, 5.8, 7.2 and 10.3% at RT. Following the tensile deformation, each specimen was annealed at temperatures ranging from 373 K to 823 K for 600 s for every interval 50 K.
Schematic illustration of fabrication way of composites containing pure Fe bers or Fe-Mn-Si-Cr SMA bers and Al matrix is shown in Fig. 2 . Straight pure Fe bers or Fe-28.2mass%Mn-6.03mass%Si-5.11mass%Cr SMA bers with 1 mm diameter are arranged on the ber holder, as shown in Fig. 2 (a) . When the Al in the mold reached the required temperature (1023 K) (Fig. 2 (b) ), the ber holder with bers is immersed into the mold with molten Al, as shown in Fig. 2 (c) . After the holding period at 1023 K, the mold was air cooled (Fig. 2 (d) ) or furnace cooled ( Fig. 2 (d ) ). Composites were also fabricated using with preheated bers, here preheating of bers were carried out by putting the ber holder above the mold, as shown in Fig. 2 (b ) . Preheating temperature is 1023 K. In this study, ve types of composites were fabricated, i.e., (1); air cooled composites containing un-preheated Fe bers, (2); air cooled composites containing un-preheated SMA bers, (3); air cooled composites containing preheated SMA bers, (4); furnace cooled composites containing un-preheated SMA bers and (5); shape memory treated composites using furnace cooled composites containing un-preheated SMA bers. Hereafter, these composites are abbreviated to (1); Fe composite, (2); un-preheated ber composite, (3); preheated ber composite, (4); furnace-cooled composite, and (5); smart composite, respectively. Bonding strength between the ber and matrix must be strong enough to provide load transfer, which is directly dependent on interfacial growth characteristics of the materials in the system 26) . Therefore, microstructures at the interfaces between SMA ber/Al matrix were carefully studied. Fabricated composite samples were cut along the longitudinal direction of the ber, and microstructures of the samples were observed using a scanning electron microscope (SEM) on the longitudinal section of the ber prepared by conventional grinding and polishing techniques. Energy dispersive X-ray spectroscopy (EDS) analysis was performed to investigate chemical composition at ber/matrix interface. For evaluating mechanical properties, micro Vickers-hardness (HV) indentation tests were carried out at RT. The load and the loading time were 98.07 mN and 15 s, respectively.
To obtain smart composites, the furnace-cooled composites are rolled at RT to induce the martensitic transformation from γ austenite to ε martensite in SMA bers. Rolling reduction ratio (R) was 20% or 40%. The rolling reduction ratio can be written as 
where t i and t r are the thicknesses of the samples before and after cold rolling, respectively. Rolling reduction ratios of composites of 20% and 40% correspond to elongation ofbers of 25% and 67%, respectively. The rolled composites were heated up at 573 K for 1200 s to induce the reverse transformation from ε martensite to γ austenite in SMAbers. The above treatment introduces the compressive stress in the Al matrix due to the shape memory effect of SMAbers. The microstructure and hardness of obtained smart composites were also studied. The tensile specimens, shown in Fig. 3 (a), and three-point bending test specimens with 60 mm × 20 mm × 5 mm in size, shown in Fig. 3 (b), were cut from the smart composites by using an electric discharge machine wire cutter. Tensile tests were conducted at RT at a crosshead speed of 2.0 mm/min using an Instron-type testing machine. A three-point bending test was performed using the Instron-type testing machine at a crosshead speed of 1 mm/min. Figure 3 (c) shows the threepoint bending test setup, where the lower span length of the bending test specimen was 50 mm. The specimen was loaded until fracture occurred, and bending strength was calculated from the load-stroke curves.
Experimental Results and Discussion

Shape memory effect of Fe-Mn-Si-Cr SMA ber
The Fe-Mn-Si-Cr SMA bers with 80 mm in length and 50 mm in gage length are subjected to tensile strains of 5.1, 5.8, 7.2 and 10.3% at RT, and annealed at temperatures ranging from 373 K to 823 K to measure the shape memory effect. Figure 4 shows the fraction of shape memory recovery values plotted against annealing temperatures for the Fe-MnSi-Cr SMA bers. The fraction of shape memory recovery value is nearly constant above 723 K. Moreover, it is also found that the shape memory effect decreased with increasing pretensile strain, which agrees with the previous results 16, 17) .
Fe composite
As a preliminary experiment, an air cooled composite con- (2); air cooled composites containing un-preheated SMA bers (un-preheated ber composite), (3); air cooled composites containing preheated SMA bers (preheated ber composite), (4); furnace cooled composites containing un-preheated SMA bers (furnace-cooled composite), and (5); shape memory treated composite using furnace cooled composites containing un-preheated SMA bers (smart composite). taining un-preheated Fe bers (Fe composite) was fabricated, where holding period was 300 s. The cross section of the composite was observed along the Fe ber, and lower magnication photograph and higher magni cation photograph with EDS analysis results are shown in Figs. 5 (a) and (b), respectively. In both gures, upper and lower regions correspond to Al matrix and Fe ber, respectively. It is seen from these gures that an interlayer, appeared by reaction between molten Al and Fe ber, was found at the Al matrix/Fe ber interface. According to composition analysis by EDS, the Al matrix was alloyed with Fe, and the interlayer was Al 2 Fe intermetallic compound. Maximum thickness of the interlayer was found to be 122 μm. Although some pores were observed at the interface, it is expected that the higher bonding strength at the interface could be achieved by the reaction between Al matrix and Fe ber.
Un-preheated ber composite
An air cooled composite containing un-preheated Fe-MnSi-Cr SMA bers (un-preheated ber composite) was fabricated, where the holding period was 1800 s. Figure 6 shows the ber/matrix interface in the un-preheated ber composite, where upper and lower regions correspond to Al matrix and SMA ber, respectively. From EDS analysis as shown in Fig. 6 (b) , reaction between Al matrix and SMA ber could be recognized. There are two interlayers, those are Al rich interlayer appeared at Al matrix side and Fe-Mn-Si-Cr based interlayer found at SMA ber side. Again, it is expected that the higher bonding strength at the interface could be achieved by the reaction between Al matrix and SMA ber. However, pores were also observed at the interface, as shown in Fig. 6 (a). Macrophotograph observed along the longitudinal section of the composite is shown in Fig. 7 . In this gure, center part is SMA ber. It must be noted that some gaps and cavities could be observed between SMA ber and Al matrix. This is because the thermal expansion coef cient of pure Al at 300 K, 600 K and 800 K is reported to be 23.2 × 10 −6 1/K, 28.4 × 10 −6 1/K and 34.0 × 10 −6 1/K, respectively 27) . On the other hand, the thermal expansion coef cient of Fe-Mn-Si SMA is 16.5 × 10 −6 1/K between 273 K and 773 K 28) , which is smaller than that of pure Al. In order to eliminate such gaps and cavities, the composites should be fabricated under slower cooling rate. In the next session, the results of preheated ber composite will be described. Figure 8 shows macrophotograph observed along the longitudinal section of the preheated ber composite. In this case, the preheated SMA bers were immersed into the molten Al in the mold, and after the holding period at 1023 K, mold was air cooled. It is seen that the gaps and cavities were not observable between SMA ber and Al matrix.
Preheated ber composite
Figures 9 (a), (b) and (c) show higher magni cation photographs at the ber/matrix interface regions of the air cooled composite containing SMA bers with preheating, where holding period is 0 s, 600 s and 1500 s, respectively. Upper and darker contrast region is Al matrix and lower and lighter contrast region is SMA ber. It is seen from these gures that clear interfaces between Al matrix and SMA bers were observed. Moreover, the in uence of holding period on interface structure was not observed. Figure 10 shows the results of compositional analysis near the ber/matrix interface in preheated ber composite by EDX. It is seen that oxide phases were clearly observed between SMA ber and Al matrix, and the surface of SMAbers was covered by oxide-layer. This is because the SMA bers were preheated under an air atmosphere. This oxide layer inhibited the reaction between SMA ber and Al matrix. Therefore, preheating of SMA bers is not the best way to fabricate the composite including ber/matrix interface with good bonding strength. Otherwise, furnace cooled composites containing un-preheated SMA bers (furnace cooled composites) were fabricated to achieve the slower cooling rate.
Furnace-cooled composite
SEM microstructures of the bers in the furnace cooled composites taken at the center region of the samples are shown in Figs. 11 (a) and (b) , where holding period was 0 s and 300 s, respectively. In these cases, the un-preheated bers were immersed into the molten Al in the mold, and after the holding period at 1023 K, and then the mold was furnace cooled. It is seen from these gures that clear interlayer was observed between Al matrix and SMA bers. , respectively. In these gures, upper and lower regions correspond to Al matrix and SMA ber, respectively. It is seen from these gures that signi cant reaction between SMA ber and molten Al occurred, and interlayer could be observed between SMA ber and Al matrix. Moreover, thickness of the interlayer in the composite fabricated by holding period of 300 s is larger than that by holding period of 0 s. The bonding strength between SMA ber and Al matrix in the furnace cooled composites must be strong enough to provide load transfer. The furnace cooled compos- ites were, therefore, used as initial materials to fabricate the smart composites. Figures 12 (A) and (B) show the ber/matrix interfaces in the furnace cooled composites after rolling reduction ratio of 20%. As can be seen, fracture of the interlayer consists with brittle intermetallic compounds could be observed. In the case of sample fabricated under holding period of 0 s with thinner interlayer, most of the cracks were parallel to the radial direction as shown in Fig. 12 (A) , while cracks parallel to the longitudinal direction of ber were also observed in the sample fabricated under holding period of 300 s with thicker interlayer as shown in Fig. 12 (B) . The cracks paralleled to the longitudinal direction may reduce the bonding strength at the interface; however, those paralleled to the longitudinal direction of ber may not have strong in uence on reducing the bonding strength.
Smart composite
Length of SMA bers in furnace cooled composites fabricated under holding period of 0 s and 300 s is shown in Fig. 14. As can be seen from Fig. 14 , elongation of SMAbers was observed by rolling with rolling reduction ratio of 40%. It must be noted that remarkable shrinkage of SMAber in the smart composites by heating at 573 K was found, which induces compressive stress in the Al matrix. Figure 15 shows the micro-hardness within the furnace-cooled composite, furnace-cooled composite after 20% rolling and smart composite (shape memory treatment at 573 K after 20% rolling), where holding period of these composites is 0 s. Micro-hardness values of as cast pure Al, pure Al after rolling and pure Al after rolling and heating are also shown in this gure. As seen from Fig. 15 , the hardness of pure Al sample was increased by the rolling due to work hardening, but decreased by heat treatment after the rolling due to recrystallization. The hardness of SMA ber region was also increased by the rolling due to γ to ε martensitic transformation and work hardening, but decreased by heat treatment due to ε to γ reverse transformation. It must be noted that the composites had very high hardness at the interface region of the SMA ber with intermetallic compound phases, and relatively higher hardness in Al matrix near the interface. In this way, the fabricated composites had a graded hardness pro le at interface region. The most remarkable result shown in Fig. 15 is that the shape memory treatment increased the hardness of Al matrix, namely, matrix hardness of the smart composite (shape memory treatment at 573 K after 20% rolling) is larger than that of rolled composite, due to compressive stress introduced by the shape memory effect of the SMA bers.
Hardness test
To discuss this phenomenon, the micro-hardness value of Al matrix in each composite at 30 μm from interface is shown in Fig. 16 . Micro-hardness of as cast pure Al, pure Al after 20% rolling and pure Al after rolling and heating are also shown in this gure. All of the composites had higher hardness because of diffusion of some elements from the SMA ber. Same amount of work hardening was observed for all samples. Although softening was found for Fe ber composite and pure Al sample by heating, hardening could be found for the smart composites because of compressive stress introduce by shape memory treatment. It is expected that the smart composites may provide higher mechanical properties, such as proof stress, tensile strength and bending strength, than composites without shape memory treatment. Moreover, hardening effect by heating for the smart composite fabricated by holding period of 0 s is larger than that by holding period of 300 s. This maybe come from the directions of the cracks observed at the interlayer, i.e., cracks paralleled and 
Tensile test
Tensile tests were conducted at RT and some examples of nominal stress -nominal strain curves for the smart composites and Fe composites, cast under holding period of 300 s, are shown in Fig. 17 . These composites were rolled with rolling reduction ratio of R = 0% (without rolling), 20% or 40% and then heat treated at 573 K. It is seen that the ow stress of the composites increased with increasing the rolling reduction ratio in both smart and Fe composites. 0.2% proof stress and tensile strength of each sample are evaluated from the nominal stress -nominal strain curves and results are plotted against the rolling reduction ratio, as shown in Figs. 18 (a) and (b) , respectively. It is seen from this gure, 0.2% proof stress and tensile strength of the smart composites were enhanced by the rolling. However, since those of Fe composite and pure Al sample were also increased by increasing the rolling reduction ratio, higher 0.2% proof stress and tensile strength in the smart composites with higher rolling reduction ratio were not the reason of shape memory effect by SMA bers. It is known that 0.2% proof stress of pure Al (1100-O) is 35 MPa 29) . Therefore, decreasing the casting defects by the rolling may increase the 0.2% proof stress and tensile strength.
Bending test
Three-point bending test was performed and some examples of bending load versus compression stroke curves for the smart composites and Fe composite are shown in Fig. 19 , where these composites were cast under holding period of 300 s, and rolling (R = 0%, 20% or 40%) and heat treatment at 573 K were carried out. It is seen from this gure, the bending load increased with increasing compression stroke at least up to 10 mm. It is worthwhile to notice that the bending load of the composites increased with increasing the rolling ratio.
Bending ow stress at 10% strain of each sample is evaluated from the bending load versus compression stroke curves. The results are plotted against the rolling reduction ratio, and are shown in Fig. 20 . As can be seen, all of the samples before the rolling shows the similar bending ow stress values. The higher bending ow stress was found for the samples rolled with larger rolling reduction ratio, which is similar to the results of tensile test. It must be noted here that enhanced bending ow stress was found for the smart composites, despite the fact that remarkable effect of compressive stress introduce by shape memory effect was not found in tensile and bending 
properties.
Mechanical property at local region can be evaluated by the micro hardness test, while overall mechanical properties can be evaluated by the tensile test. Therefore, enhancement of mechanical property of smart composites induced by shape memory effect may limit at the interface region of SMA ber and Al matrix.
Conclusions
In this study, Al matrix smart composites containing Fe-28.2mass%Mn-6.03mass%Si-5.11mass%Cr straight SMA bers are studied. As preliminary experiments, four types of composites are fabricated by casting, i.e., air cooled composites containing un-preheated Fe bers, air cooled composites containing un-preheated SMA bers, air cooled composites containing preheated SMA bers, and furnace cooled composites containing un-preheated SMA bers. To fabricate smart composite, the furnace cooled composites containing un-preheated SMA bers is subjected to the rolling deformation to induce the martensitic transformation in SMA bers and heating to induce the reverse transformation. The ferrous SMA bers in the composite shrink during this reverse transformation, which induces tensile stress in bers and compressive stress in the matrix. The matrix hardness of the smart composite is larger than that of rolled composite, due to compressive stress introduced by the shape memory effect of the SMA bers. However, remarkable effects of compressive stress introduce by shape memory effect on proof stress and tensile strength are not observed. Enhancement of mechanical property of smart composites induced by shape memory effect may limit at the interface region of SMA ber and Al matrix.
